Prolamins are the major seed storage proteins of grasses. In maize and related species, prolamins are classified into a-, b-, g-, and d-subclasses by their solubility properties. a-prolamins are encoded by multigene families and have a secondary structure that consists of tandem a-helix repeats. Maize has two a-prolamin subclasses, namely the 19 and 22 kDa subclasses that contain nine and 10 a-helix repeats, respectively. Here, we present an evolutionary study based on the structure, organization, and expression of a-prolamins in maize, sugarcane, sorghum, and coix. True 22 kDa subclasses containing 10 repeats are conserved in all four species, but true 19 kDa subclasses containing nine repeats are found only in maize and sugarcane. We discovered a 19 kDa-like a-coixin that, as in sorghum, is encoded by few genes. These data suggest that a 19 kDa progenitor present in the ancestor common to maize, coix, sorghum, and sugarcane was preserved at low copy number in coix and sorghum, while amplified into multigene family architecture in maize and sugarcane. The expression profiling of a-prolamins, verified by twodimensional gels, showed highly conserved multispot composition for the 19 kDa a-prolamins in maize and sugarcane. Coix and sorghum did not present true 19 kDa a-prolamin spots. Our data show remarkable similarity between maize and sugarcane 19 kDa a-prolamins regarding both gene structure and expression. Since the multigene architecture of 19 kDa a-canein appeared after sugarcane diverged from sorghum, our data suggest that maize and sugarcane might have acquired the multigene family encoding these storage proteins from a common ancestor.
S
eeds contain large amounts of storage proteins that constitute the primary N source for the germinated seedlings. In grasses, the storage proteins comprise mostly alcohol-soluble proteins named prolamins (Shewry and Halford, 2002) . Prolamins have an unusual amino acid composition, being rich in glutamine, proline, and hydrophobic amino acids, and devoid of the essential amino acid lysine (Bietz, 1982; Pelger and Bothmer, 1992; Shewry and Tatham, 1990) . Prolamins are highly conserved at the amino acid sequence level among different taxa (Shewry, 1995) ; however, the genes encoding prolamins have undergone extensive modifications among grasses in terms of copy number, level of expression, and amino acid specification across evolutionary history Messing, 2008, 2009; Xu et al., 2012) . For example, prolamins are minor components in oat (Avena sativa L.) and rice (Oryza sativa L.), but represent the major storage protein in maize (Zea mays L.), sorghum (Sorghum bicolor L.), coix (Coix lacryma-jobi L.), sugarcane (Saccharum spp.), and foxtail millet [Setaria italica (L.) P. Beauv.; de Rose et al., 1989; Ottoboni et al., 1990; Leite et al., 1999; Shewry, 1999; Figueira et al., 2008 , Xu et al., 2012 . In these species, prolamins have conserved a-, β-, g-, and d-subclass composition, with the a-prolamins being the most abundant and organized in tandem duplicated copies arranged in multiple gene clusters (Figueira et al., 2008; Xu et al., 2012) . Prolamins are named zeins for maize, kafirins for sorghum, coixin for coix, canein for sugarcane, and setarin for millet. There are two a-zein subclasses, the 19 and 22 kDa a-zeins (Coleman and Larkins, 1999; Woo et al., 2001) . The a-prolamin secondary structure consists of an N-terminal signal peptide, followed by highly conserved tandem repeats comprising 15 to 20 amino acids flanked by a polyglutamine tract and short C terminus ( Fig. 1 ; Argos et al., 1982; Garrat et al., 1993) . The difference between the 19 and 22 kDa a-zeins is the number of tandem a-helix repeats, as the former has 9 repeats, while the latter has 10 repeats (Argos et al., 1982; Garrat et al., 1993) . In coix, only the 22 kDa a-coixin has been described thus far (Ottoboni et al., 1993; Zhou et al., 2010) . However, inspection of the sequenced sorghum genome revealed 19 kDa a-kafirin-related sequences that contain 10 instead of 9 a-helix repeats (Figueira et al., 2008) . Sugarcane also harbors orthologous genes encoding the 19 kDa a-canein (Figueira et al., 2008) . A common characteristic of the a-prolamin in maize, sorghum, coix, sugarcane, and millet is its multigenic family architecture (Figueira et al., 2008; Zhou et al., 2010; Xu et al., 2012) . This is true for the 22 kDa subclass in the five species and the 19 kDa a-zein and 19 kDa a-canein; however, in sorghum, there are only few copies of the 19 kDa a-kafirin-related sequence (Xu et al., 2012) . This suggests that amplification of the 19 kDa a-canein genes may have occurred after the divergence of sugarcane from sorghum at ~9 million years ago (mya; Jannoo et al., 2007) . Interestingly, two of the 19 kDa a-kafirin contains 10 a-helix; an additional sixth domain that is lacking in the 19 kDa a-zein and 19 kDa a-canein. This sorghum protein, named 19 kDa-like a-kafirin, could be the ancestor of the 19 kDa a-canein that originated from a deletion of the sixth a-helix of the 19 kDa-like a-kafirin in the Saccharum lineage (Figueira et al., 2008) . It is noteworthy the similarity between the 19 kDa a-canein and the 19 kDa a-zein in terms of multigenic structure and a-helix repeats composition. This similarity raises the question if the 19 kDa a-prolamin from maize and sugarcane shared a common ancestor or if they have evolved separately (Figueira et al., 2008) . In the present study, we describe the discovery of a 19 kDa-like a-prolamin in coix. However, instead of 9 or 10 a-helix domains, it contains 11 a-helix domains. This finding adds an important missing link that strengthens the possibility that both the 19 and 22 kDa subclasses existed in the Andropogoneae ancestor of maize, sorghum, sugarcane, and coix. We also show that maize and sugarcane present similar multigenic expression profiles of their 19 kDa a-prolamins, adding more evidence of a close evolutionary relationship between these two grasses.
Materials and Methods

Plant Material
Coix (C. lacryma-jobi var. Adlay) seeds were obtained from the collection of the Genetics Laboratory at ESALQ-USP, Piracicaba, São Paulo, Brazil. Sorghum BR501 and maize F352 seeds were obtained from the germplasm collection of the Genetics Department, UNI-CAMP. Sugarcane seeds (S. officinarum var. SP. 88607) were obtained from the Agronomic Institute of Campinas, Campinas, São Paulo, Brazil.
Cloning and Sequencing of Coix a-Prolamins
Nucleotide sequences representing 19 and 22 kDa a-prolamins from maize (Woo et al., 2001 ) and sugarcane (Figueira et al., 2008) were retrieved from NCBI and used as drivers to search for a-coixin sequences deposited at NCBI. The driver sequences were tBLASTn against nucleotide sequences of coix. The retrieved nucleotide sequences encoding a-coixins (accession numbers CAA44827, CAA40965, X59851, X79885, and Figure 1 . Schematic representation of the primary structure of 22 and 19 kDa a-zeins. Gray boxes represent tandemly arrayed a-helix domains, which are formed by 15 to 22 amino acids (aa) flanked by polyglutamine tracts (QQQ). However, 22 kDa a-zeins contain 10 a-helix domains, and 19 kDa a-zeins contain 9 domains. X59850) were aligned with a-zein and a-canein nucleotide sequences using ClustalX (Thompson et al., 1997) to inspect for their completeness.
Two sets of degenerated primers for 19 and 22 kDa a-prolamins were designed based on conserved regions visually identified at both ends of the aligned a-prolamin nucleotide sequences from maize, sugarcane, sorghum, and coix (Supplemental Fig. S1 ). In addition, a set of sequence-specific primers were designed for each 22 kDa a-coixin retrieved from NCBI (Supplemental Table S1 ).
Genomic DNA was extracted from leaves of coix seedlings and used as a template for polymerase chain reaction (PCR) amplification using the degenerated and sequence-specific a-coixins primers. The PCR products were cloned into the pGEM-T vector (Promega, Madison, WI), and 96 colonies for each primer set were randomly picked. Plasmids were then isolated from the 96 bacterial colonies, and their amplicons had both insert ends sequenced in an ABI3730 sequencer. The sequence reads from the same primer set were cleaned from low-quality and vector sequences and then assembled into contigs using phred/phrap/consed (Gordon et al., 1998) . Each contig was translated, and those containing a-prolamin with a truncated amino acid sequence (lacking the signal peptide or C terminus and a sequence that abruptly ended in the middle of an a-helix domain) were discarded; thus, only contigs comprising full-length a-prolamin were used in further analyses. All contigs were aligned against each other using tBLASTn, and those harboring identities lower than 97% were treated as unique a-coixin sequences.
Phylogenetic Analysis of a-Prolamins
Multiple amino acid sequence alignments of a-zeins, a-caneins, a-kafirins, and a-coixins were performed using ClustalX (Thompson et al., 1997) . The a-helix domain composition of each a-prolamin was manually identified and annotated according to Garrat et al. (1993) . The phylogenetic analyses were conducted using the maximum likelihood algorithm corrected by Poisson distribution on MEGA 5 (Tamura et al., 2007) and tested by the bootstrap method with 1000 replications.
Alignments of the amino acid sequences of prolamins were performed using ClustalX software and a Blosum matrix with a gap penalty of 10 and mismatch penalty of 5. The alignments were visualized using Boxshade suit, in which the background for identical amino acids is black and that for similar residues is gray. The assignment of the domain structure of the a-prolamins was made as previously described (Garrat et al., 1993; Leite et al., 1999) . Phylogenetic analyses of the selected protein sequences were performed for the ClustalX alignments with the maximum likelihood algorithm corrected by a Poisson distribution using MEGA 5 software (Tamura et al., 2007) . The inferred phylogenies were tested by bootstrap analysis with 1000 iterations. To confirm the tree topology, maximum likelihood phylogenetic trees were constructed with PAUP 4.0 using a heuristic search (data not shown).
Prolamin Extraction
Endosperms from maize, sorghum, and coix were removed by hand dissection of mature seeds and ground to a fine powder. Sugarcane seeds were directly ground to a fine powder. All sample powders were defatted with acetone. Before extraction of the prolamins, soluble proteins were extracted from the endosperms in a 10-fold excess of 0.5 M NaCl for 1 h at 4°C. The pellets were then washed three times with cold deionized water, followed by centrifugation at 12,000 g for 5 min. After drying the powders at room temperature, total prolamins were extracted with a solution containing 55% v/v isopropanol and 10 mM DTT at a five-fold excess for 1 h at room temperature. Samples were centrifuged at 12,000 g for 5 min, and the supernatants containing prolamins were stored at -20°C.
SDS-PAGE, 2D-SDS-PAGE, and Image Analysis
Total prolamin extracted from mature seeds of maize, sugarcane, sorghum, and coix were diluted in sample buffer, and 3 µg of protein of each sample was separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Proteins were visualized by Coomassie Brilliant Blue R250 staining.
Isoelectric focusing (IEF) was performed using immobilized pH gradient (IPG) strips (GE Healthcare, Pittsburgh, PA). A total of 25 µg protein of each prolamin sample extracted from maize, sugarcane, sorghum, and coix was precipitated by cold acetone and solubilized in a rehydration solution containing 7 M urea, 2 M thiourea, 2% CHAPS, 1% IPG buffer (pH 6 to 11), and 0.002% bromophenol blue. Solubilized prolamin samples were applied to IPG strips with a linear pH gradient of 6 to 11 and allowed to rehydrate for 10 h at room temperature. The IEF was performed in triplicate using an IPGphor II system (GE Healthcare) at 20°C and a current limit of 50 µA strip -1 for a total of 19,700 Vh. After IEF, strips were equilibrated for 15 min in equilibration buffer (6 M urea, 75 mM Tris HCl (pH 8.8), 29.3% glycerol, 2% SDS, 0.002% bromophenol blue) containing 125 mM DTT, followed by 15 min in equilibration buffer containing 125 mM iodoacetamide. The second dimension was performed on 15% SDS-PAGE gels, and proteins were visualized by Coomassie Brilliant Blue R250 staining.
Following staining, gels were digitalized on an ImageScanner and analyzed with ImageMaster Platinum 7 software (GE Healthcare). Spot detection was executed automatically, followed by validation through visual inspection.
Results
Coix Harbors a 19 kDa-Like a-Prolamin
We have previously shown that the Andropogoneae representatives maize, sugarcane, sorghum, and coix all possess the 22 kDa a-prolamin subclass, whereas only maize and sugarcane possess true 19 kDa a-prolamins (Figueira et al., 2008) . In fact, sorghum possesses a 19 kDa-like a-kafirin whose amino acid sequence shares approximately 85% similarity with the 19 kDa a-caneins and 19 kDa a-zeins, but contains 10 instead of the nine a-helix repeats (Figueira et al., 2008) . Because of the close similarity between the 19 and 22 kDa a-prolamin sequences, this finding led us to suggest that the 19 kDa a-prolamins may have originated from a deletion of the sixth a-helix of a 22 kDa counterpart in the Saccharum lineage after Saccharum and Sorghum divergence at ~9 mya (Figueira et al., 2008) . This conclusion was reached because there was no evidence for the existence of a 19 kDa a-coixin in coix that shared a common Andropogoneae ancestor with maize and sugarcane.
In this work we searched for the presence of a 19 kDa a-coixin in the coix genome. Two sets of degenerated primers were designed to amplify a-coixins. Because of the high degree of similarity between 19 and 22 kDa a-prolamins at nucleotide levels, we expected be able to amplify the 19 kDa a-coixin if it were present in the coix genome. Since prolamin genes lack introns, genomic DNA isolated from young coix leaves was used as a template in PCR reactions aimed to amplify a-coixins. Amplicons were cloned in the pGEM vector, and 48 recombinant clones for each primer set were randomly selected and sequenced from both insert ends. Reads from the same primer set were grouped and assembled, resulting in contigs with a fivefold average in sequence coverage. Contigs were aligned to each other, and those possessing nucleotide sequence identity lower than 97% over the entire sequence were treated as unique. This analysis resulted in the identification of 10 a-coixin sequences from which 9 presented 99% similarity with a cluster of 22 kDa a-prolamins described by Zhou et al. (2010; Supplemental Table S2 and Supplemental Fig. S2 ). One of these sequences presented high similarity to the 19 kDa a-prolamins of maize, sugarcane, and sorghum, and to a coixin (ACN58177.1) identified in a nutritional study performed with coix prolamins (Lin et al., 2009) . These sequences were then analyzed for their amino acid composition, alignment pattern, phylogenetic relationship, and a-helix domain distribution using maize (Woo et al., 2001) , sugarcane (Figueira et al., 2008) , and sorghum (Paterson et al., 2009 ) a-prolamin sequences as orthologous templates. Sequence alignments with 19 and 22 kDa a-zeins, a-caneins, and a-kafirins revealed that 9 of the 10 a-coixin sequences amplified from coix genomic DNA belong to the 22 kDa a-coixin subclass, and one sequence displayed higher similarity to the 19 kDa a-prolamin (Supplemental Fig. S1 ). This a-coixin sequence showed 57% amino acid similarity with the 22 kDa subclass and approximately 77% similarity with the 19 kDa a-zeins and 19 kDa a-caneins (Fig. 2) . A phylogenetic analysis performed with the 10 a-coixin amino acid sequences and representatives of the 19 and 22 kDa a-zeins, a-caneins, and a-kafirins grouped the 19 and 22 kDa a-prolamins into two distinct branches (Fig.  3) . The newly found 19 kDa a-coixin was grouped into the 19 kDa subclass branch (Fig. 3) . This a-prolamin is phylogenetically closer to the 19 kDa D group. In fact, the new 19 kDa a-coixin is phylogenetically closer to the 19 kDa a-zein D1 and D2 than the 19 kDa a-canein D1 (Fig. 3) . We also constructed a tree including foxtail millet as outgroups (Supplemental Fig. S3 ). It did not alter the clustering observed in the tree shown in Fig. 3 .
The 19 and 22 kDa a-Coixins Contain Unique a-Helix Structures
We have previously shown that the 19 kDa a-kafirin possesses 10 a-helix domains instead of nine (Supplemental Fig. S1 ; Figueira et al., 2008) . We asked whether the newly found 19 kDa a-coixin would harbor a similar a-helix domain organization to any of the previously described 19 kDa a-prolamins. The a-helix domain organization of the amplified 19 and 22 kDa a-coixin was compared through amino acid sequence alignment with the 19 and 22 kDa a-zeins, a-caneins, and a-kafirins (Supplemental Fig. S1 ). This analysis revealed that the newly found 19 kDa a-coixin contains 11 a-helix domains (Fig. 4A ). There are two extra domains, one between Domains 4 and 5, and the other between Domains 7 and 8 as compared with the 19 kDa a-caneins and a-zeins, and one extra domain compared with the 19 kDa-like a-kafirin. These two extra domains are flanked by a-helix domains highly similar to those of 19 kDa a-zeins and a-caneins (Fig. 4B) . The sequence alignment analysis also revealed that two 22 kDa a-coixins of the nine identified contain 12 instead of the classical 10 a-helix domains (Fig. 5) . It is interesting to note that 22 kDa a-coixins containing longer amino acid sequences have been previously documented (Zhou et al., 2010) , although their a-helix domain organization and implication in the evolutionary history of prolamins have not been discussed. The 19 and 22 kDa a-coixins presenting unusual a-helix domains organization were named 19 kDa-like and 22 kDa-like a-coixins to maintain reference to the 19 kDa-like a-kafirin described in sorghum (Figueira et al., 2008) .
The 19 kDa a-Caneins have Similar Expression Profiles as the 19 kDa a-Zeins
Because the true 19 kDa a-prolamin subclass, which contains only 9 a-helix domains, have only been described in maize (Argos et al., 1982; Garrat et al., 1993) and sugarcane (Figueira et al., 2008) , to date we have previously hypothesized that this subclass might have emerged from a 19 kDa-like ancestor, probably from sorghum (Figueira et al., 2008) after the divergence of Saccharum and Sorghum occurred ~9 mya (Jannoo et al., 2007) . Furthermore, amino acid sequence analysis of the Figure 3 . Phylogenetic analyses of a-prolamin amino acid sequences from maize, sugarcane, sorghum, and coix. Protein sequences were aligned with ClustalX (Thompson et al., 1997) , and the phylogenetic tree was constructed using the MEGA 5 program with the maximum likelihood (Tamura et al., 2007) and a consensus of 1000 bootstrap replicates. The a1, a2, and a3 groups are based on the nomenclature proposed by Xu et al. (2012) .
19 kDa a-zeins and a-caneins (Fig. 4B and Supplemental Fig. S1 ) clearly suggest that the 19 kDa a-canein must be encoded by a large multigene family. These data led us to question the degree of similarity of the expression of the true 19 kDa a-zeins and a-caneins. To address this question, we performed 2D-PAGE analysis of total prolamins isolated from mature seeds of maize, sugarcane, sorghum, and coix. The one-dimension gel clearly showed the presence of 22 kDa a-prolamins in all four plants, but true 19 kDa a-prolamins were clearly visible only in maize and sugarcane (Fig. 6A) . Indeed, in these two plants, the 19 kDa a-prolamins are much more abundant than the 22 kDa a-prolamins. The 2D gel allowed us to map the polymorphism (Ottoboni et al., 1990; Consoli and Damerval, 2001 ) and the amount of prolamins expressed in the seeds of the four plants (Fig. 6B) . The 6 to 11 pH range used has been shown to resolve nearly all prolamins from maize seeds (Consoli and Damerval, 2001 ) and therefore could resolve the prolamins from all four grasses. The protein spots in the 2D gels were identified by comparing with the band positions in the onedimension SDS-PAGE gel (Fig. 6B) . A total of 21 prolamin spots were identified in maize, 22 in sugarcane, 21 in coix, and 22 in sorghum. The a-prolamins were the most Figure 4 . The a-helix domain organization of 19 kDa a-prolamins and 19 kDa-like a-prolamins. (A) Schematic representation of a-helix domains repeats in maize, sugarcane, sorghum, and coix. Sugarcane and maize are the only species containing a true 19 kDa a-prolamin, which consists of 11 a-helix domains. The orthologous sequences in sorghum and coix contain 10 and 11 a-helix domains, respectively. Similar domains among orthologous sequences are represented by gray boxes numbered in ascending order, and unique a-helix domains are indicated by red boxes. (B) The region of the amino acid alignment representing the extra domains found in 19 kDa-like a-coixin. Gray bars indicate similar a-helix domains, and red bars indicate unique ones. abundant subclass in all four plants, a finding that is consistent with their multigenic architecture (Coleman and Larkins, 1999; Woo et al., 2001; Song et al., 2002; Xu and Messing, 2008) . The number of a-prolamin spots was lower than the number of estimated genes, at least for maize, coix, and sorghum (Xu and Messing, 2009; Zhou et al., 2010) ; however, this could result from the existence of pseudogenes (Xu and Messing, 2008) or genes that are not expressed. Indeed, few of the a-zeins from two maize inbred lines have been shown to express at high levels in mature seeds (Miclaus et al., 2011) . Nevertheless, the interesting finding is that, for both maize and sugarcane, the most abundant subclass was the 19 kDa a-zeins and a-caneins that expressed 9 isoforms each in the maize and sugarcane seeds (Table 1) . By contrast, the most abundant subclass in coix and sorghum was the 22 kDa a-coixin and a-kafirin that presented 13 and 18 isoforms each, respectively.
The comparative protein expression of each isoform was determined based on the relative volume of each spot. The a-prolamins represented 85.1% of the total prolamin expressed in maize, 88.2% in sugarcane, 68.4% in sorghum, and 67.8% in coix. The most important finding was that the 19 kDa a-zein spots presented isoelectric points and volume patterns at similar pH range to that of the 19 kDa a-canein spots (Fig. 6B) .
Discussion
Evolutionary Relationship of a-Prolamins in Maize, Sugarcane, Sorghum, and Coix Because sugarcane, maize, sorghum, and coix all contain 22 kDa a-prolamins sharing similar domain architecture and comprising 10 a-helix domains, it is most likely that these proteins acquired their domain organization from the earliest ancestor of the Andropogoneae tribe. However, the new 22 kDa-like a-coixin containing 12 a-helix domains identified in this work brings new insights to this view. The gene encoding this protein has previously been described, and its origin was attributed to an intragenic crossing-over event (Zhou et al., 2010) . Here, we show that this domain architecture is unique to coix, indicating that this 22 kDa-like a-coixin might have originated after the coix lineage diverged from the Saccharum and Sorghum lineage. Alternatively, the Saccharum and Sorghum lineage lost an ancestor 22 kDa-like a-prolamin after the coix lineage divergence, but this is less parsimonious as this a-prolamin is not present in any of the three grasses maize, sugarcane, and sorghum. But this could not be ruled out, as a-prolamin has been shown to evolve more rapidly than β-, g-, and d-prolamins, and ancestor genes have been lost and substituted by recent isoforms (Xu et al., 2012) .
We have previously shown the existence of a 19 kDalike a-kafirin in sorghum containing an extra a-helix domain (Figueira et al., 2008) . Because this a-prolamin was shown to occur only in sorghum, we postulated that it originated after the divergence of the Saccharum and Sorghum and coix lineages. However, the discovery of a 19 kDa-like a-coixin strongly suggests that this prolamin subclass may have been present in the common Andropogoneae ancestor of sugarcane, maize, sorghum, and coix. Based on amino acid sequence homology, this 19 kDa-like a-coixin belongs to the D a-prolamin group found in maize (Fig. 3) . The D a-prolamin group has been recently classified as a1 prolamin group, which contains the oldest a-prolamin (Xu et al., 2012) . The phylogenetic analyses based on amino acid sequences revealed that the closest pairs to 19 kDa-like a-coixin are the 19 kDa a-zeins D1 and D2 (Fig. 3) .
Maize and sugarcane are the only groups possessing true 19 kDa a-prolamins, as the orthologous sequences in sorghum and coix, called 19 kDa-like a-prolamins, comprise 10 and 11 a-helix domains, respectively (Figueira et al., 2008; Fig. 4) . Considering the a-helix organization, there are two possible parsimonious origins for the true 19 kDa a-prolamins: (i) they might have arisen with 9 a-helix domains in a common ancestor of Figure 6 . Analysis of total prolamin extracts from maize (MA), sugarcane (SU), sorghum (SO), and coix (CO) mature seeds. (A) SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) of total prolamin resolved in 15% gels and stained with Coomassie blue. Molecular mass markers are specified on the left side of the panel, and the relative positions of prolamin subclasses are specified on the right. (B) Two-dimensional gels of total prolamins. Isoelectric focusing (IEF) was performed using immobilized pH gradient (IPG) strips (GE Healthcare Life Sciences) with a pH range of 6.0 to 11.0. The second dimension was resolved in 15% SDS-PAGE gels and stained with Coomassie blue. Relative positions of prolamin subclasses are indicated on the left side of the panel. (C) Prolamin subclass expression profiles in maize, sugarcane, sorghum, and coix as estimated from the two-dimensional gel spot volumes.
is the most distinct (Fig. 6A) . Not surprisingly, in the two-dimensional gel, the 19 kDa a-zeins and 19 kDa a-caneins shared a similar number of spots, pH range, and spot intensity (Table 1 and Fig. 6B ). We were not able to detect spots with the same pH range and expression profile in coix and sorghum. It is most unlikely that a multigenic family with this degree of similarity have emerged twice in the evolutionary history of the Andropogoneae tribe in a convergent evolutionary model. In addition, the similarity in the expression profile of the 19 kDa a-zeins and a-caneins implies that maize and sugarcane may have inherited the genes encoding this prolamin subclass from a common ancestor that may have arisen from the Saccharum and Sorghum lineage after Saccharum diverged from sorghum ~9 mya (Fig. 7) .
Conclusions
Prolamin, the most abundant seed storage protein found in grasses, has been used to trace the evolutionary relationship among grasses. We have previously shown that sugarcane possesses true 19 kDa a-canein an a-prolamin subclass described to date only for maize (Figueira et al., 2008) . Here we described for the first time the presence of a 19 kDa a-coixin in the coix genome. This a-coixin is phylogenetically closer to the 19 kDa D group, which has been considered the oldest a a-prolamin (Xu and Messing, 2008) . However, this newly found 19 kDa a-coixin contains 11 a-helix domains instead of the 9 a-helix domains of the 19 kDa a-zeins and 19 kDa maize, sugarcane, and sorghum, and acquired an extra domain in sorghum after the Saccharum and Sorghum divergence occurred ~9 mya, or (ii) they might have originated in a common ancestor of maize, sugarcane, and sorghum with 10 a-helix domains and have lost one domain, by unequal crossing over, in a common ancestor of maize and sugarcane. However, the existence of a 19 kDa-like a-coixin suggests that an ancestor of 19 kDa a-prolamin existed in the ancestor common to maize, sugarcane, sorghum, and coix. This ancestor 19 kDa a-prolamin currently persists in coix in its 11 a-helix domain architecture, but not in the form of a multigenic family. This ancestor could also have originated the 19 kDa-like a-prolamin containing 10 a-helix domains found today in sorghum, and is the possible ancestor of the true 19 kDa a-prolamin of maize and sugarcane (Fig.  7) . The presence of few copies of 19 kDa-like a-prolamin in sorghum and coix suggest that multigenic copies of the 19 kDa a-zein and a-canein occurred recently in maize and sugarcane. The recent amplification of 19 kDa a-zein has already been proposed for maize (Xu et al., 2012) .
Maize and Sugarcane share Similar 19 kDa a-Prolamin Expression Profiles
Beyond the domain organization, the SDS-PAGE profile of total prolamins in maize and sugarcane are remarkably similar, as the 19 kDa a-prolamin represents the predominant gel band in both plants. This contrast with sorghum and coix, where the 22 kDa a-prolamin band a-caneins found in maize and sugarcane, respectively. It is possible that this 19 kDa a-coixin is the representative of the ancestor 19 kDa that gave rise to the 10 a-helix repeat 19 kDa a-kafirin and the 9 a-helix repeats 19 kDa a-zein and 19 kDa a-canein. However, both the 19 kDa a-coixin and 19 kDa a-kafirin are encoded by few genes contrasting with the multigenic family structure of the 19 kDa a-zeins and 19 kDa a-caneins. It has been suggested that the 19 kDa a-zeins acquired its multigenic structure after the allotetraploideization event that originated maize occurred at ~4.8 mya (Xu et al., 2012) . Our data also suggest that the 19 kDa a-caneins also acquired a multigenic family structure after the divergence of sugarcane from sorghum occurred ~9 mya (Jannoo et al., 2007) . The fact that the 19 kDa a-zein and 19 kDa a-canein posses similar expression profile in terms of number of isoforms and level of expression implies that the amplification process that resulted in the multigene architecture of these a-prolamins occurred in a convergent manner in maize and sugarcane or that maize and sugarcane may have inherited the 19 kDa a-prolamin multigene architecture from a common ancestor.
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